Traditional bull breeding soundness evaluation (BBSE) eliminates bulls that are grossly abnormal; however, bulls classified as satisfactory potential breeders still vary in field fertility, implying submicroscopic differences in sperm characteristics. The testis-specific isoform of Na/K-ATPase (ATP1A4) is involved in regulation of sperm motility and capacitation in bulls through well-established enzyme activity and signaling functions. The objective was to determine ATP1A4 content, activity and their relationship to post-thaw sperm function and field fertility, using semen samples from low-fertility (LF) and high-fertility (HF) Holstein bulls (n = 20 each) with known FERTSOL rates (measure of field fertility, based on non-return rate). Frozen-thawed sperm from HF bulls had increased ATP1A4 content and activity compared to LF bulls. Furthermore, post-thaw sperm from HF bulls had increased tyrosine phosphorylation, ROS, F-actin content, and low intracellular calcium compared to LF bulls. Subsequent incubation of HF bull sperm with ouabain (a specific ligand of Na/K-ATPase) further augmented the post-thaw increase in tyrosine phosphorylation, ROS production, and F-actin content, whereas the increase in intracellular calcium was still low compared to LF bull sperm. ATP1A4 content and activity, ROS, F-actin and calcium were significantly correlated with fertility. In conclusion, we inferred that ATP1A4 content and activity differed among dairy bulls with satisfactory semen characteristics and that ATP1A4 may regulate sperm function through mechanisms involving ROS, F-actin and calcium in frozen-thawed sperm of HF and LF dairy bulls.
INTRODUCTION
Traditional BBSE is intended to eliminate bulls that are grossly abnormal. However, semen from bulls deemed satisfactory on a BBSE often differ in pregnancy rates by 20-25% (Larson & Miller, 2000) . Therefore, we inferred that there may be submicroscopic differences among sperm with apparently normal morphology. Consequently, there is a need to develop marker-based laboratory assays to complement traditional BBSE and better predict these variations in bull fertility. Sutovsky (Sutovsky et al., 2015) reported negative and positive biomarkers of fertility. Negative biomarkers (e.g. ubiquitin) were detected predominantly in defective sperm, whereas positive biomarkers were present in morphologically normal, motile sperm, although the marker may be down-or up-regulated or post-translationally modified. The bovine artificial insemination (AI) industry uses elite bulls, including high-fertile (HF) and low-fertile (LF) bulls which are 3% above and below the breed average fertility (non-return rate; NRR) for Holstein bulls (69%), respectively for breeding purposes. Consequently, comparing sperm from bulls with varying levels of fertility may identify submicroscopic differences (e.g. expression of specific proteins) in sperm and determine molecular markers of fertility.
Na/K-ATPase, a ubiquitous integral membrane protein, is responsible for maintaining Na + and K + gradients across the plasma membrane of most mammalian cells. Testis and sperm express a testis-specific isoform of Na/K-ATPase (ATP1A4). The majority of total Na/K-ATPase activity (75%) in sperm is attributed to the a4 isoform (ATP1A4), whereas the remaining 25% is attributed to the ubiquitous a1 (ATP1A1) isoform (Wagoner et al., 2005) . Both isoforms bind ouabain (cardiotonic steroid) which acts as a specific inhibitor/ligand for this enzyme (Jorgensen et al., 2003) . Inhibition of ATP1A4 with ouabain inhibited several motion characteristics in rat sperm, including total and progressive motility and other kinematic parameters (Jimenez et al., 2010) . Furthermore, overexpression of rat ATP1A4 in mouse sperm caused hyperactivated motility under non-capacitating conditions, which was further augmented during capacitation (Jimenez et al., 2011b) . A significant decrease in ATP1A4 enzyme activity was reported in oligoasthenospermic males (Kocak-Toker et al., 2002) ; and ATP1A4 knockout mice were infertile due to a sperm defect at the junction of the mid-piece and principal piece (Jimenez et al., 2011a) . Clearly, these evidences implicate ATP1A4 in regulation of fertility. However, the molecular basis of regulation of sperm function and fertility by this protein in bulls is still under investigation. Na/K-ATPase-ouabain interaction stimulates tyrosine phosphorylation of downstream effectors (e.g. Src and EGFR) which in turn recruit additional kinases and adaptor proteins (e.g. Grb2 and SOS) resulting in activation of protein kinase cascades. For example, the MAPK pathway and generation of second messengers such as calcium from intracellular stores and reactive oxygen species (ROS) from mitochondria (Ullrich & Schlessinger, 1990; Haas et al., 2000; Liu et al., 2000) . Furthermore, downstream events associated with Na/K-ATPase signaling in somatic cells (increase in ROS, release of intracellular calcium, actin polymerization, and increase in tyrosine phosphorylation) resemble events during sperm capacitation (Breitbart, 2002; Breitbart et al., 2005) .
Controlled release of ROS drives capacitation-associated changes in sperm through redox regulation of protein tyrosine phosphorylation and subsequent hyperactivation (de Lamirande & Gagnon, 1998; Rivlin et al., 2004) . Factors that trigger tyrosine phosphorylation of proteins can stimulate polymerization of actin monomers (G-actin) to filamentous actin (F-actin). Furthermore, based on a computational approach, the capacitation network of boar sperm contained three important nodes, calcium, ATP and actin polymerization that are linked to one another. Collectively, it appears that ROS, calcium and F-actin create a self-perpetuating cascade, with one process stimulating another during capacitation and thereby affecting sperm fertility (Bernabo et al., 2011) .
Ouabain is secreted from the bovine adrenal gland (Laredo et al., 1994) and is present in bovine vaginal fluid (Daniel et al., 2010) and interaction of Na/K-ATPase with ouabain initiates signaling mechanisms that resemble molecular regulation of sperm capacitation. Therefore, we inferred that interaction of ouabain with ATP1A4 may regulate sperm function and fertility in bulls. Using frozen semen from bulls with varying levels of fertility as a research model, the overall aim of this study was to investigate the role of ATP1A4 in regulation of fertility in dairy bulls. Specific objectives were to: (i) determine content and activity of ATP1A4, and measure downstream effectors of ATP1A4 signaling (tyrosine phosphorylation, ROS, calcium, actin polymerization in high-fertility (HF) and low-fertility (LF) bull sperm; (ii) investigate ATP1A4-mediated regulation of tyrosine phosphorylation, ROS, calcium and actin polymerization in HF and LF bull sperm; and (iii) determine associations among fertility, ATP1A4 content and activity, ROS, calcium, and actin polymerization.
MATERIALS AND METHODS

Frozen semen production
The study reported was approved by the University of Calgary Institutional Animal Care and Use committee (protocol M09078). Bull management, frozen semen production, and fertility evaluations were done by Semex Alliance Inc. (Guelph, ON, Canada) as detailed below. Forty Holstein bulls maintained under standard housing and feeding conditions were used for this study. Based on a standard BBSE, all bulls were classified as satisfactory breeders. Semen was collected using artificial vagina and the raw ejaculate was diluted to the appropriate concentration using a pre-warmed Tris-egg yolk-glycerol extender (200 mM Tris, 66.7 mM citric acid, 55.5 mM D-fructose, 594 mM glycerol, 1.10 IU/L benzylpenicillin-G, 1.10 IU/L streptomycin sulphate, 0.51 mM lincomycin, 0.228 mM spectinomycin, and 200 mL/L egg yolk (van Wagtendonk-de Leeuw et al., 2000) . Extended semen was chilled to 4°C over 4 h, loaded in 0.25 mL straws (approx. 15 9 10 6 sperm) and placed on pre-cooled freezing (5°C) trays. Freezing was initiated by transferring these trays into a programmable freezing device (IMV-Digitcool, L'Aigle, France) at 5°C. Straws were cooled to À10°C at À4°C/min, and from À10°C to À145°C at À40°C/min and were subsequently plunged into liquid nitrogen. Batches with a post-thaw motility of at least 25% progressive motility and a rate of three were used for inseminations (van Wagtendonk-de Leeuw et al., 2000) . Percentage of cows having not returned to estrus within 56 days after insemination (56 day non-return rate; NRR) was determined optimal due to a high correlation (96%) with both the 60 to 90-day NRR and 75-day NRR (Doormaal, 1998) . Estrus detection rates for Holstein herds in Ontario ranged between 39 to 42% in small herds (<50 cows) and from 39 to 54% in larger herds (>300 cows). According to the Canadian Dairy Network (CDN), bull fertility was assessed by 56-day NRR and included in a linear mixed model adjusted for several factors such as month of insemination, age of the cow or heifer at insemination, breed of service sire, price of inseminating dose, AI technician, and an overall herd management effect, which were combined in an index (FERTSOL values) . Each year for every breed, the average adjusted NRR was calculated in order to set FERTSOL at 0 for each breed. Result of each of the bulls was based on this average of its breed. FERTSOL was negative if it was below the average and positive if exceeded the average. Based on this, bulls were classified as either high-fertility (HF; FERTSOL > +1; range: 3.6-6.7) or low-fertility (LF; FERTSOL <À1; range: À4 to À19). FERT-SOL values for all HF and LF bulls (n = 20 each) are provided in Table S1 and their frozen semen were subsequently used, as described below.
Processing frozen-thawed sperm from HF and LF bulls Frozen straws of semen were thawed for 1 min in a water bath maintained at 37°C. Then, samples were washed using a percoll density gradient to remove extender particles that would otherwise interfere with downstream analysis, including flow cytometry and protein quantification. Briefly, sperm was gently layered on top of 45-90% percoll gradient in PBS and centrifuged (400 g for 20 min at RT). Pellets were washed once again in PBS to remove percoll and number of sperm in the pellet was determined using a hemocytometer. For experiments leading to Figs. 1 and 2, semen samples were processed as mentioned above, incubated with respective dyes and analyzed immediately. For experiments related to Figs. 3 and 4, the sperm sample was divided into two aliquots and incubated with and without 50 nM ouabain in Sp-TALP containing 1 mM pyruvate, 25 mM NaHCO 3 , 2 mM Ca 2+ at 39°C in a humidified incubator with 5% CO 2 for 2 h.
Assessment of sperm motility parameters
Motility of frozen-thawed semen samples were evaluated using computer assisted sperm analyzer (CASA; Sperm Vision, Minitube, Ingersoll, ON, Canada). An aliquot of the sample was loaded into a pre-warmed (37°C) Leja slide (Leja Products, Nieuw-Vennep, Netherlands)and seven fields per sample was analyzed using the bovine sperm motility program (30 frames/ object, 60 Hz frame rate and 22 to 60 lm 2 sperm head surface detection). Motile sperm with average path velocity (VAP) >55 lm/sec, straightness (STR) >75% and linearity (LIN) >35% were considered progressively motile. In addition, following sperm kinematic parameters were evaluated: curvilinear velocity (VCL, lm/sec), straight line velocity (VSL, lm/sec), average path velocity (VAP, lm/sec), linearity (LIN, %), straightness (STR, %), wobble coefficient (WOB, %), mean amplitude of lateral head displacement (ALH, lm) and beat cross frequency (BCF, Hz).
Preparation of sperm crude membrane extracts and quantification of enzyme activity To isolate sperm membranes, 50 9 10 6 sperm from each bull was re-suspended in 500 lL of extraction buffer containing 250 mM sucrose, 50 mM imidazole, 1 mM EDTA, pH 7.4 with 0.1% sodium deoxycholate, and protease inhibitor tablets (Phos-STOP; Roche Diagnostics, Indianapolis, IN, USA) for 45 min on ice with occasional vortexing. Samples were centrifuged at 12,000 g for 10 min at 4°C at the end of incubation and the supernatant containing the total membrane proteins was kept on ice pending further analysis. Total protein content from each sample was determined with spectrophotometry (Thermo Scientific TM Genesys 10S UV-Vis, Burlington, ON, Canada) using a protein assay kit (DC TM Protein Assay; Bio-Rad, Hercules, CA, USA). Enzyme activity was determined as described (Spokas & Spur, 2001) . Extracted sperm membrane proteins were incubated in a reaction mixture containing 100 mM NaCl, 15 mM KCl, 5 mM MgCl 2 , 50 mM Tris-HCl, and 4 mM Tris-ATP, with and without 1 mM ouabain at pH 7.4 for 30 min at 39°C. Reactions were stopped with 10% sodium dodecyl sulphate (SDS) and ammonium molybdate (0.1%)/ascorbic acid (10%) solutions were added for color development at RT for 30 min and quantified in a Genesys 10 S UV-Vis spectrophotometer at 870 nm (Thermo Fisher Scientific, Burlington, ON, Canada). Na/KATPase activity was calculated as the difference in the P i concentration in the presence or absence of 1 mM ouabain. The enzyme activity (P i concentration) was normalized to total protein concentration to express total activity of Na/K-ATPase (pmoles of P i /lg of protein/min). Since 1 mM ouabain is inhibitory to both ATP1A1 and ATP1A4, the Na/K-ATPase activity reported in this study comprised the activity of these two isozymes.
Flow cytometric evaluation of ATP1A4 content in frozenthawed sperm from HF and LF bulls Six straws were thawed per bull from a single ejaculate and subjected to percoll washing. Washed sperm (10 9 10 6 ) were incubated with 1 lL of Fixable Live and Dead Cell Stain (violet dye; Thermo Fisher Scientific) and incubated for 30 min at RT. Sperm were fixed with 2.5% PFA for 15 min and blocked with 5% chicken serum (Sigma Aldrich, Oakville, ON, Canada) for 45 min at RT. Anti-ATP1A4 antibody (7 lg/mL) was added and incubated overnight at 4°C. Chicken Alexa Flour 488 (FITC) anti-rabbit secondary antibody (Thermo Fisher Scientific) was added (1 : 1000) for 1 h at RT and data were acquired using a BD LSR II cytometer (BD Biosciences, Mississauga, ON, Canada). The excitation source was a diode pumped solid state (DPSS) 488 nm laser. Voltage settings (log scale) used are as follows: FSC -165, SSC -165, FITC -588, violet -438. Negative control or autofluorescent control (cells only) was used to set up voltages and gates, whereas single color controls (violet and FITC) were used for compensation to minimize overlap of the violet fluorescence being detected in the FITC channel. Subsequently, detector 1 (emission range of 450 AE 25 nm) was used for detecting violet fluorescence (viability status), whereas detector 2 (emission range of 530 AE 15 nm) was used for detecting FITC (ATP1A4) fluorescence. A total of 20 9 10 3 events were recorded for HF and LF sperm in the form of a scatter plot and a histogram. The experiment was repeated using three ejaculates (collected on different dates) from each HF and LF bull. Resulting flow cytometric data were analyzed by computing the normalized median fluorescence intensity (MFI) of each sample and presented as a box and whisker plot.
Measurement of intracellular ROS in HF and LF bull sperm
The intracellular ROS content in HF and LF bull sperm was measured using 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (H 2 -DCFDA, Sigma Aldrich) using flow cytometry. Briefly, pooled sperm was processed as explained in Section 2.2. Percoll-washed sperm (10 9 10 6 ) was re-suspended in 1 mL PBS and incubated with H 2 -DCFDA dye at a final concentration of 0.5 lM at 37°C in the dark for 30 min before addition of propidium iodide (PI; final concentration of 24 lM) and immediately analyzed. Data were acquired using an Attune Acoustic Focusing Cytometer (BD Biosciences). The excitation source was a 488 nm laser for FITC (DCFDA) and PI dye. Voltage settings were as follows: FSC -1250, SSC -1650, FITC -1500, PI -2050. Subsequently, detector 2 (emission range of 530 AE 15 nm) was used for detecting FITC (DCFDA) fluorescence and detector 3 (emission range of 570 AE 10 nm) was used for detecting PI (viability) fluorescence. A total of 20 9 10 3 events were recorded in the form of a scatter plot and histogram. Resulting flow cytometric data were analyzed by computing the normalized median fluorescence intensity (MFI) of each sample. Data from the PI negative population (live sperm) with high and low DCFDA fluorescence were chosen and analyzed with FLOWJO data analysis software v10 (FlowJo LLC, Ashland, OR, USA). Box plot depicted in Fig. 2B comprised of data from 20 HF and LF bulls (each), whereas scatter plot in Fig. 4A were performed with a subset of samples from HF and LF bulls (n = 3 per group, due to their limited availability).
Flow cytometric evaluation of F-actin content in HF and LF bull sperm F-actin content was measured using FITC-phalloidin (Thermo Fisher Scientific) by flow cytometry. Post-thaw semen was washed in percoll and 10 9 10 6 washed sperm was added to 1 lL Scientific) and incubated for 30 min at RT. Subsequently, sperm were fixed with 4% PFA for 20 min, washed, permeabilized with 0.1% Triton X-100 for 5 min and incubated with 0.33 lM FITCphalloidin for 60 min at 37°C. Thereafter, samples were washed in PBS and used for further analysis. Data were acquired using an Attune Acoustic Focusing Cytometer (BD Biosciences). The excitation source was a 488 nm laser for FITC and a 405 nm laser for the fixable live and dead (violet) dye. Voltage settings used were as follows: FSC -1250, SSC -1650, FITC -1500, violet -1650. Subsequently, detector 1 (emission range of 450 AE 20 nm) was used for detecting violet fluorescence (viability), and detector 2 (emission range of 530 AE 15 nm) was used for detecting green (FITC-phalloidin) fluorescence. A total of 20 9 10 3 events were recorded (scatter plot and histogram). Resulting flow cytometric data were analyzed by computing the normalized median fluorescence intensity (MFI) of each sample. Data from the violet negative (live sperm) population with high and low FITC fluorescence were chosen and analyzed with FLOWJO data analysis software v10 (FlowJo LLC). Figure 2D (box plot) correspond to the entire HF and LF bull population (n = 20 each), whereas the scatter plot in Fig. 4B refer to data collected from a subset of HF and LF bulls (n = 3 per group).
Measurement of intracellular calcium in HF and LF bull sperm
Frozen thawed semen from HF and LF bulls were processed as elaborated. Percoll-washed sperm cells (10 9 10 6 ) were loaded with the calcium fluorescent probe fluo3-AM (Thermo Fisher Scientific) at a final concentration of 10 lM for 30 min at 35°C in the dark in the presence of 0.02% pluronic acid. Thereafter, fluo-3 loaded sperm was re-suspended in PBS before addition of PI and subsequently analyzed by flow cytometry. Flow cytometer settings used for this experiment are similar to that used for ROS quantification. Data from the PI negative population (live sperm) with high and low fluo-3 fluorescence were chosen and analyzed with FLOWJO data analysis software v10 (FLOWJO LLC). Box plots depicted in Fig. 2F corresponded to entire HF and LF Assessment of sperm tyrosine phosphorylation in HF and LF bull sperm For evaluation of tyrosine phosphorylation, 5 9 10 6 sperm was concentrated (10,000 g, 3 min, RT) and the pellet washed (10,000 g, 5 min) in 1 mL of PBS containing 0.2 mM sodium vanadate. The pellet was boiled in sample buffer (50% glycerol, 0.5 M dithiothreitol, 0.25% bromophenol blue, 10% SDS and 0.25 M Tris-HCl, pH 6.8) for 5 min at 100°C and supernatant separated on 10% SDS-PAGE gels and electrotransferred to nitrocellulose membranes. After blocking with 5% (w/v) skim milk in Tris buffered saline containing Tween-20 (TTBS) for 1 h, the membrane was incubated with phosphotyrosine antibody (1 : 10,000; Millipore, Billerica, MA, USA) overnight at 4°C. Membranes were washed (3X) in TTBS for 10 min and subsequently incubated with HRP conjugated goat anti-mouse IgG (1 : 5000) for 1 h at RT. Following washing, immunoreactive bands were detected using chemiluminescence. Membranes were stripped and probed with b-tubulin antibody (1 : 10,000; Sigma Aldrich) to ensure equal protein loading.
Statistical analyses
Data were analyzed with a statistical software program (STATA version 12, Statacorp LP, College Station, TX, USA). Wherever necessary, data were log-transformed before analysis. Differences in post-thaw enzyme activity, post-thaw tyrosine phosphorylation and kinematic parameters between HF and LF bulls were analyzed by Student's t-test. Data from ATP1A4-induced changes in tyrosine phosphorylation was analyzed by repeated measures ANOVA followed by Tukey's multiple comparison test. Median fluorescent values for ATP1A4 content, ROS, calcium and F-actin from flow cytometry between HF and LF bulls were analyzed by Mann-Whitney U test. Spearman correlation coefficients were calculated to determine the relationship between ATP1A4 content (flow cytometry, densitometry), enzyme activity, ROS, calcium, 818 Andrology, 2017, 5, 814-823 F-actin and fertility. Regression analysis was performed to determine the influence of ATP1A4 content, activity, ROS, calcium and F-actin content on bull fertility. For all statistical analyses, p < 0.05 was considered significant.
RESULTS
ATP1A4 content and activity in HF and LF bull sperm
Frozen semen from HF and LF bulls were evaluated for motility and viability of their post-thaw sperm. There was a significant greater percentage of progressively motile sperm in HF vs. LF bulls ( Figure S1B ). However, other motion kinematic parameters and viability wasn't different between HF and LF bulls ( Figure S1A-D) . The HF bull sperm had higher content of ATP1A4, detected as a single band at 110 kDa, compared to LF bull sperm determined by immunoblotting (Fig. 1A,B) . Based on flow cytometry, ATP1A4 fluorescence in viable sperm was higher in HF bulls, manifested by the increase in median fluorescence intensity and the HF histogram pushed more towards the right (right shift) on the FITC log scale (x-axis) compared to LF bulls. A representative histogram from a HF and LF bull was shown in Fig. 1C . Histogram panels ( Figure S3 ) and a box plot (Fig. 1D) illustrate overall median fluorescence intensity from all bulls. Consistent with increased ATP1A4 content (as demonstrated through western blotting and flow cytometry), HF bulls had higher enzyme activity compared to LF bulls in their post-thaw sperm (Fig. 1E) .
Post-thaw content of tyrosine phospho proteins, ROS, F-actin and calcium in HF and LF bull sperm Sperm proteins at~200, 150, 100 and 30 kDa (indicated by black solid arrows) had a higher intensity of tyrosine phosphorylation in HF bulls ( Figure S2A,B) . Additionally, sperm from HF bull had higher content of ROS compared to LF bull, shortly after thawing (a representative histogram is shown in Fig. 2A) . Similarly, post-thaw sperm from HF bull had more F-actin than LF bull which is evident in the histogram (Fig. 2C) . In contrast, a sample histogram obtained from post-thaw sperm of a LF bull showed evidence for higher intracellular calcium concentration compared to a HF bull (Fig. 2E ). Box and whisker plots depicted the overall median fluorescence intensity for ROS, F-actin and calcium from all HF and LF bulls used in this study are shown in Fig. 2B ,D,F.
ATP1A4 induced changes in sperm function parameters in HF and LF bull sperm
Results so far suggested a higher content of ATP1A4 and higher enzyme activity with concurrent increase in tyrosine phosphorylation, ROS and F-actin, along with low intracellular calcium in HF bulls. Subsequently, incubation of HF bull sperm with ouabain for 2 h had increased of tyrosine phosphoproteins, intracellular ROS and F-actin in relation to LF bulls (timedependent manner). Sperm proteins isolated from ouabaintreated HF bull sperm had higher intensity of tyrosine phosphorylation at~50, 100, 75 and 30 kDa (indicated by black solid arrows) compared to band intensities from ouabain-treated LF bull sperm (Fig. 3A,B) . High intracellular ROS and Factin were demonstrated by scatter plots in HF bulls, with each point showing the difference in the median fluorescence intensity values between control (0 h; without ouabain) and the treatment group (incubated with ouabain for 2 h; Fig. 4A,  B) . However, intracellular calcium was lower in HF bulls in contrast to the LF bulls (Fig. 4C ) after exposure to ouabain for 2 h. Overall, ouabain-treated sperm from both fertility groups had increased protein tyrosine phosphorylation, ROS, F-actin, and calcium compared to control sperm.
Relationship between ATP1A4 content, activity, sperm function parameters and fertility Progressive motility, viability and sperm motion characteristics had no significant association with fertility (Table 1) . However, ATP1A4 content determined through densitometry and flow cytometry, enzyme activity, ROS and F-actin, were positively correlated to fertility (significant), whereas calcium had a significant negative relationship with fertility ( Fig. 5 and Table 2 ). Among independent variables, enzyme activity, ROS, F-actin were positively correlated, whereas calcium was negatively correlated to ATP1A4 content (both were significant; Table 2 ). Since these independent variables were significantly correlated to each other, ATP1A4 content (flow cytometry) was chosen as the single predictor variable to determine changes in fertility. The predictive value of ATP1A4 content for fertility was determined using regression analysis and calculated as fertility = À6.97 + 0.003 (ATP1A4 content). Based on regression analysis, ATP1A4 content influenced fertility (p < 0.05).
DISCUSSION
Since mature sperm DNA is generally transcriptionally quiescent, sperm functions are regulated by existing proteins without additional protein synthesis (with few exceptions). Therefore, sperm proteins may serve as molecular markers for variations in bull fertility (Peddinti et al., 2008; D'Amours et al., 2010) . In this study, we evaluated ATP1A4 content and activity in frozenthawed sperm from satisfactory potential breeders with varying levels of fertility, and investigated potential mechanisms by which this protein regulates fertility.
Evidence for ATP1A4 involvement in regulation of motility are based on knockout models; sperm from ATP1A4 null male mice had a drastic decrease in several kinematic parameters compared to those from wild type mice. In the present study, only progressive motility was significantly different between post-thaw sperm of HF and LF bulls. Generally, cryopreserved sperm population consists of a cohort of sperm ranging from live to moribund to dead cells. Within this cohort, there exist several subpopulations. Due to this heterogeneity, summary data provided by CASA have oversimplified values, thereby decreasing the usefulness and physiological relevance of the collected data (Maree & van der Horst, 2013) . In a previous study (Shojaei et al., 2012) on HF and LF bulls, progressive motility and ALH were different in post-thaw sperm, whereas significant differences for other kinematic parameters between HF and LF bulls became evident only in post-swim up samples. Since swim-up selects a motile population with a viable plasma membrane, it is likely that the presence of live cells could reflect intrinsic characteristics of the sample in terms of kinematic parameters. In future studies, swim-up procedure or cluster analysis (statistical procedure) might shed some light on differences in several kinematic parameters and their association with ATP1A4 in HF and LF bulls.
Content of ATP1A4 and enzyme activity were higher in HF bulls compared to LF bulls. A possible explanation for the Values without a common letter differed (p < 0.05). 820 Andrology, 2017, 5, 814-823 difference in content could be attributed either to increased sensitivity to cryo-elution (leakage of sperm components) of ATP1A4 from the sperm membrane of LF sires during the process of freeze-thawing, or these bulls inherently might have had a lower content of ATP1A4. Unfortunately, it was not possible to investigate the latter possibility due to the lack of fresh semen from these bulls. Cryopreservation-induced changes in fluidity, composition and location of membrane lipids lead to leakage of many sperm components (cryo-elution). Perhaps membrane and cytoplasmic bound proteins and enzymes (Lasso et al., 1994; Lessard et al., 2000; Gadea et al., 2004) were cryo-eluted from sperm. Due to significant membrane alterations in LF bull sperm (Shojaei et al., 2012) , coupled with the fact that Na/K-ATPase is extremely sensitive to its lipid environment (Duran et al., 2010) , sperm Na/K-ATPase (ATP1A4) may have been cryo-eluted from the surface in higher amounts, leading to decreased content of ATP1A4 in frozenthawed sperm from LF bulls. Furthermore, we demonstrated herein, apparently for the first time, a significant predictive value of ATP1A4 content to in vivo bull fertility. To determine relationships between sperm proteins and bull fertility, it is critical to use in vitro procedures with good accuracy, repeatability, and objectivity. In that regard, flow cytometry was our primary choice, as it has already been adapted to evaluate several other sperm functions in a commercial AI setting (Graham, 2001; Hossain et al., 2011) , and immunoblotting was used to supplement flow cytometry findings. Increased content of ATP1A4 in sperm from HF bulls was correlated with increased enzyme activity as compared to LF bulls. In the current study, apart from inhibiting enzyme activity, binding of ouabain to Na/K-ATPase activated multiple downstream pathways, including increased ROS, release of intracellular calcium, polymerization of actin, and tyrosine phosphorylation of proteins (Ullrich & Schlessinger, 1990; Haas et al., 2000; Liu et al., 2000) . All of the above-mentioned downstream effectors of Na/K-ATPase-ouabain signaling are very similar to molecular events during capacitation. Consequently, these effectors which also serve as sperm function parameters were measured to determine if ATP1A4 content was related to fertility in HF and LF bulls.
In somatic cells where the ubiquitous isoform (ATP1A1) of Na/K-ATPase predominates, communication between ATP1A1 and ROS forms a positive feedback loop, with ROS activating the signaling function of ATP1A1, which in turn stimulates mitochondrial production of ROS (Xie et al., 1999) . In sperm, generation of ROS is a physiological process; controlled concentrations of ROS function as important second messengers in signaling during sperm capacitation. Even though it is widely accepted that increased ROS was related to cryo-capacitation and HF sperm had low ROS concentration (Del Olmo et al., 2015) , results from our flow cytometry study suggest otherwise. One caveat associated with studies involving flow cytometric detection was the inability to establish a minimum threshold value for ROS levels. Consequently, comparisons can be made only within a study and not across studies, which use different protocols, fluorescent probes and different cytometers for analysis (Zini & Sigman, 2009 ). Capacitation-like changes (cryo-capacitation) result in reduced viability and poor survivability of frozen thawed sperm in the female reproductive tract . In our study, we incubated HF and LF bull sperm for 2 h and if sperm were cryo-capacitated, we anticipated a decrease in motility and viability after 2 h of incubation. Contrary to our expectations, we didn't notice a decrease in the motility or viability after this incubation. This could be attributed to different sperm subpopulations; one subpopulation that has normal plasma membrane with a better cryotolerance and another subpopulation having capacitation-like changes (Farstad, 2012) . Perhaps there is a higher percentage of normal sperm with a viable plasma membrane compared to the cryocapacitated sperm subpopulation in HF and LF groups that is responsible for a physiological response after thawing. Furthermore, the higher level of ROS in HF sperm may actually correspond to the minimum threshold level needed for successful capacitation (de Lamirande & Gagnon, 1995) .
Calcium is a universal intracellular second messenger, with dynamic roles in hyperactivation and sperm capacitation. In somatic cells such as cardiac myocytes, ouabain regulated the interaction between Na/K-ATPase and inositol 1,4,5-triphosphate receptor (IP 3 R), an intracellular calcium store receptor, leading to an increase in calcium concentration (MiyakawaNaito et al., 2003; Yuan et al., 2005) . Subsequently, clearance pumps, including the plasma membrane Ca 2+ -ATPase (PMCA) and sodium-calcium exchanger (NCX) function in order to remove the transient increase in cytosolic calcium concentration, thereby keeping intracellular concentration in a low resting state (Wennemuth et al., 2003; Olson et al., 2011) . The presence of IP 3 ligand and IP 3 R, PMCA, and NCX has already been confirmed in sperm by various studies (Ho & Suarez, 2003; Wennemuth et al., 2003) . Considering that sperm are equipped with the necessary machinery needed for ouabain-induced calcium release, it is possible that ouabain activated a similar pathway via ATP1A4. The release of calcium from intracellular stores after ATP1A4-ouabain interaction could be a time sensitive process, as reported for other cell types (Yuan et al., 2005) . Since we measured only two time points (0 and 2 h), it is possible that we could have failed to detect the increase in the intracellular calcium level in HF bulls. In future studies, perhaps a time course experiment with incorporation of time points between 0 and 2 h would provide more insight into this possibility. In summary, it is noteworthy that calcium increased in both fertility groups in response to ouabain, albeit at a higher magnitude in LF sperm. Regulation of actin dynamics is pivotal for many sperm processes, including capacitation. Even though studies of F-actin are very limited in frozen-thawed sperm, somatic cells provide abundant clues regarding F-actin regulation. Two putative actin-binding sites have been identified in the a-subunit of Na/ K-ATPase and direct binding with actin filaments stimulate Na/ K-ATPase activity (Cantiello, 1995) . Targeted production of ROS modulates actin cytoskeletal reorganization through a process that involves GTP binding protein Rho and actin binding protein cofilin (Carlier et al., 1999; Moldovan et al., 2000) or through involvement of gelsolin (Shahar et al., 2014) . Therefore, it is possible that increased ROS could contribute to increased F-actin content in HF bull sperm.
In the present study, we established a potential link between ATP1A4 content and activity with in vivo bull fertility through mechanisms involving ROS generation, calcium release and actin polymerization. These results may aid in development of novel laboratory assays for better prediction of fertility of bulls that are classified as satisfactory potential breeders (based on traditional BBSE). This could prevent sub-fertile semen from entering the market and thereby improving the efficiency of cattle reproduction. Moreover, it is likely that Single Nucleotide Polymorphisms (SNPs) may be associated with this phenotype. Identifying such genetic markers and their association with other production traits may enable genetic companies to utilize this information for genome-enhanced selection of bulls.
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